4A3485). A c-myc epitope-tagged human dopamine D1 receptor (c-myc D1 receptor) was expressed in Sf9 c e h and its cellular distribution under basal conditions and after exposure to the agonist dopamine was examined.% the basal state, immunofluorescently labeled c-myc D1 receptors imaged by confocal microscopy appeared as a bright ring of label predominantly on the cell surface, and to a lesser extent as intracellular clusters of label. This pattern of receptor distribution was confirmed by radioligand-binding assays on plasma membrane and light membrane fractions using the D1 receptor-antagonist [3H]-SCH-23390. After exposure to dopamine, c-myc D1 receptors were redistributed on the cell surface, changing from a continuous ring to a discontinuous Supported by grants from MRC and NIDA (BFO'D.SRG) and by an Ontario Ministry of Health Fellowship (GYKN).
Introduction
The neurotransmitter dopamine has been implicated in the pathophysiology of a number of neuropsy&auic and movement disorders, such as schizophrenia, Huntington's chorea, and Parkinson's disease. The biological activities of dopamine are mediated by dopamine receptors, which belong to the superfamily of G-proteincoupled receptors, and are classified into two types, termed D1like and D2-like, on the basis of biochemical and pharmacological characteristics and structure (reviewed by O'Dowd, 1993) . To date, very little is known about the molecular mechanisms involved in the hormonal regulation of the dopamine D1 receptor. To better understand the function of this receptor, cloned D1 receptors have been expressed in foster cell lines.
The baculoviruslSf9 insect cell expression system has been used successfully by us and others to study a large number of mammalian proteins, including many G-protein-coupled receptors (Mulheron et al., 1994; Mills et al., 1993; Mouillac et al., 1992; Ng et al., 1993;  pattern of label. Analysis of fluorescence intensity and threedimensional computer reconstruction of labeled receptors revealed a 30% decrease in surface labeling with no decrease in total number of receptors c o n f i e d by radioligandbinding analysis. These findings constituted the first direct evidence of agonist-induced D1 receptor internalization.
The results showed that the combinarion of confocal mi-copy and three-dimensional reconstruction can be used to visualize and assess receptor distribution in Sf9 cells. ( J Histochem Cytochem &: [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] 1995) KEY WORDS: Sf9 cells; Dopamine D1 receptor; Confocal microscopy; Immunofluorescence; Three-dimensional reconstruction; Quantitative fluorescence; Receptor internalization. Oker-Blom et al., 1993; Richardson and Hosey, 1992; Vasudevan et al., 1992; Parker et al., 1991) . We have recently shown that a c-myc epitope-tagged D1 receptor (c-myc D1 receptor) is phosphorylated and palmitoylated even in the absence of agonist, and activates adenylyl cyclase activity in Sf9 cells (Ng et al., 1994) . These data provided evidence supporting the hypothesis that posttranslational modifications may play a role in regulation of these receptors. However, it is likely that other mechanisms contribute to regulating the intrinsic activity of the receptor and the activation of receptor-linked signaling pathways. Ligand-induced p2adrenergic receptor internalization or sequestration has been shown by binding analysis, using hydrophilic and lipophilic radioligands, to be a mechanism for the regulation of cell surface receptor density, possibly leading to receptor recycling or downregulation (reviewed by Perkins et al., 1990) . However, radioligands that can distinguish populations of sequestered D1 receptors in whole cells are not available, rendering it difficult to determine whether agonist treatment promotes D1 receptor internalization, In this study, we performed radioligand-binding analysis directly on the plasma cell surface membrane and on intracellular light membrane fractions prepared from untreated and dopamine-treated cells. In addition, the specificity of the 9ElO monoclonal antibody (MAb) for the c-myc epitope attached to the amino terminus of the D1 receptor was exploited for localization of receptors in whole cells by immunocytochemical labeling and subsequent imaging by confocal microscopy.
Confocal microscopy allows the non-destructive imaging of cellular structures within a volume by optically sectioning through a cell, eliminating the need for flattened preparations in which information regarding spatial relationships of subcellular structures is lost. By using both a point light source and a point detector, confocal microscopes have increased resolution over conventional epifluorescence microscopes (Sheppard, 1333; Shotton, 1989; White et al., 1987) . Because the image is recorded in the form of electronic signals, image processing techniques can be applied to extract optimal information from the data. However, difficulty still remains in obtaining the maximal amount of useful, quantitative information from a stack of serial slices. Therefore, three-dimensional reconstruction of the serial sections may be a practical addition to current analytical methods. It provides morphometric characterization of all or part of a cell and permits an accurate graphic representation of spatial distributions of structures associated with cell function. This type of analysis should be particularly useful for studying cellular receptor sorting into proposed functional microdomains that maintain the specificity of cell signals (Neer and Clapham, 1988) . Radioligand binding and immunocytochemical staining experiments provided independent verification that D1 receptors on the cell surface are internalized on exposure to agonist.
Materials and Methods
Materials.
[3H]-SCH-23390 (Du Pont-New England Nuclear; Boston, MA), anti-mouse IgG fluorescein I-imthiocyanate (FIE) conjugate (Amersham; Oakville, Ontario, Canada), Sf9 cells (American Type Culture Collection; Rockville, MD), and all cell culture materials and other chemicals were from commercial sources. The m o w MAb 9E10 directed against c-myc was a generous gift from Dr. J. Park (Massachusetts General Hospital) .
COnStNCtiOn of Di Receptor Recombinant Baculovinws and Cell Culture. Co-transfection of c-myc DI receptor or D1 receptor plasmids and wild-type viral DNA in Sf9 cells into the AcNPV genome and amplification of recombinant viruses were carried out as previously described (Ng et al., 1994) .
Sf9 cells were cultured in suspension or as a monolayer in Grace's insect medium supplemented with 10% fetal bovine serum, gentamycin, and fungizone at 28% (Summers and Smith, 1987) to obtain a density of 1-2 x d / m l when infected with the appropriate virus at a multiplicity of infection (MOI) of 2 and harvested at 48 hr post infection. Cell viability at this time was -90% (trypan blue-negative), as determined by trypan blue staining. To minimize variations in recombinant baculovirus infection efficiencies among batches of cultures, the same recombinant virus stock was used in all experiments for this study. Dopamine Treatment. Regular medium was replaced with serum-free medium 18 hr before each experiment. Dopamine was dissolved in 0.1% ascorbic acid in Millipore-filtered HzO, added to half the cells at a final concentration of 20 pM in the medium and incubated for 60 min. Incubations were terminated by pelleting at 100 x g for 15 sec and washing the cells with cold PBS, and were followed by a final wash under identical conditions.
Preparation of Membrane Fractions. Subcellular fractionation experiments were performed to assess the cell surface, plasma membrane receptor density, and receptor numbers in the intracellular light vesicular membrane compartments believed to contain sequestered receptors (Hertel et al., 1983; Waldo et al., 1983) . Cells were pelleted by cenuifugauon at 100 x g for 10 min. washed twice with PBS, and re-pelleted. Cells were disrupted by polytron homogenization in Buffer A: 5 mM Tris-HC1, 2 mM EDTA buffer containing the protease inhibitors 10 pg/ml benzamidine, 5 pglml leupeptin, and 5 pglml soybean trypsin inhibitor, pH 7.4 (final concentration). The suspension was centrifuged at 100 x g for 10 min to pellet unbroken cells and nuclei. The supernatant was used to prepare plasma membrane or light vesicular membrane fractions at 4'C as previously described by Suzuki et al. (1992) . This was done by layering the supernatant on top of a 35% sucrose cushion, and this sample was centrifuged at 150,000 x g for 90 min at 4'C. As reported by Lohse et al. (1989) , the 0-351 interface contained the light membrane vesicular fraction, whereas the plasma membrane fraction sedimented at the bottom of the sucrose cushion. Each membrane fraction was collected and diluted in Buffer A and membranes were collected after cenuifugation at 200,000 x g for 60 min at 4°C. The pelleted membranes were re-suspended in Buffer A and stored at -70°C or resuspended in binding buffer for immediate use for radioligand-binding assays.
Protein content was determined by the method of Bradford (BioRad; Richmond, CA) with bovine serum albumin (Sigma; St. Louis, MO) as the standard.
Radioligand-binding Analysis. Radioligand binding was done with saturating concentrations of the antagonist [ 3H]-SCH-23390 (10-4000 pM final concentration). Tubes were incubated for 90 min at 22'C in a final volume of 1 ml with binding buffer. Nonspecific binding was defined as binding that was not displaced by 1 pM (+)-butaclamol, and membrane protein concentrations of -25 pg per tube were used. Bound ligand was 'dated by rapid filtration through a Brandel 48-well cell harvester using Whaunan GF/C filters. Filters were washed with 10 ml of cold 50 mM Tris-HCI buffer (pH 7.4) and counted for tritium.
Immunofluorescent Labeling of D1 Receptors. Cells used in experiments included those expressing c-myc DI receptors, uninfected cells, and cells infected either by wild-type baculovirus or by DI receptor recombinant virus (without the c-myc tag). Indirect immunofluorescence staining of these cells was carried out in parallel using aliquots of cells from a suspension culture at a concentration of 1.5 x 106/ml. Cells were fixed in 4% paraformaldehyde in PBS, pH 7.3. for 15 min in microtubes, pelleted in a Mini-Spin Microfuge (BiolCan Scientifc; Mksksauga. Ontario, Canada) at a speed of 300 rpm for 10 sec. The supernatant was removed and the cells were washed in PBS and re-suspended. Cells were permeabilized with methanol at -70°C for 3 min to allow labeling of intracellularly located receptors. Samples were next incubated with a blocking solution of 1% bovine serum albumin and 5% goat serum to reduce nonspecific staining. Cells were incubated with the 9E10 primary antibody (Evan et al., 198s) . specific for the c-myc tag of c-myc D1 receptor, for 60 min. This was followed by incubation with an FITC-fluorescent secondary anti-mouse MAb (Amersham; Oakville, Ontario, Canada) for 60 min. After final PBS rinses totaling 30 min. all liquid was removed from the microtubes and the cells were resuspended in the mounting media Mowiol-88 (Hoechst; Montreal, Quebec, Canada) with 2.5 % 1.4-diazobicyclo-octane (DABCO; Sigma) added to reduce photobleaching. The drop of liquid containing the labeled cells was placed on a slide protected by a coverslip and allowed to polymerize overnight.
confocal Microscopy. Fluorescently labeled Sf9 cells were examined with a BioRad MRC6OO confocal microscope with a krypton-argon ion laser light source and equipped with a Nikon Optiphot upright microscope (Bio-Rad; Mississauga, Ontario, Canada). Using a x 60 1.4 NA Nikon Planapochromat objective lens, a multiple series of sections was collected at incremental steps of 1.5 pm with a minimum of five passes for a smoothing effect, using a technique of distributed averaging (Stevens and Trogadis, 1990) to eliminate the uneven effects of photobleaching while stepping through the z-axis. In brief, sequential images for a single cell were collected. DUIing the second pass the stage was returned to its original position, the frame a Calculation derived from volumes of three-dimensional reconstructions of confocal images, wuming peripheral ring of receptors an approximation of surface area. In formula. surface area (SA) = 4nr2; SA has been replaced by volume (V).
Entire cells have been reconstructed to obtain volume (V). Extra-and inuacellular receptor clusters have been reconstructed and normalized, expressed as a percent of each cell's volume. ' H 0 . 3 1 comparing basal and dopamine-treated cells, X = 6.15 f 0.45 (me% i SE) for basal and X = 6.79 t 0.43 for dopamine-treated cells.
p<0.003 comparing basal and dopamine-treated cells; X = 4.40 2 0.30 for basal and X = 3.14 * 0.25 for dopamine-treated cells.
buffer loaded with previously stored first image, and another image was collected and averaged with the first one. This was repeated for all the individual sections and resulted in an even distribution of any bleaching artifacts throughout the entire cell's volume. All collected images were averaged with an identical number of passes. Settings such as neutral density filter, gain, pinhole size, and background level were maintained at identical values during the imaging of both basal and dopamine-treated cells to allow subsequent direct comparison. The intensity range was 0-255 gray levels and care was taken not to saturate the maximal range.
Three-dimensional Rea"ction. Details of three-dimensional reconstruction on this particular workstation have been described elsewhere (Stevens, 1994; Bogadis and Stevens, 1994) . A Silicon Graphics workstation was used with a high-speed proprietary graphics processor (ISG Technologies; Mississauga, Ontario, Canada). Three-dimensional reconstruction w s carried out on a series of confocal sections representing many cells. Brie@, reconstruction consisted of conversion of two-dimensional pixels of selected intensities into arrays of three-dimensional voxels used to create an object. Identification of objects consisted of selection of pixels representative of the staining pattern and was carried out by density segmentation, using an identical range ofvalues in each section of a stack of sequential sections representing a single cell. In this study, the brightest pixels were assumed to represent c-myc D1 dopamine receptors. These pixels were outlined with an automatic contouring algorithm and converted into three-dimensional voxels.
Next, pixels of intensity value just above background noise level were selected to outline the cell body. Finally, manual tracing around the edge of the space in the center of each permeabilized cell from which all label receptors wcre measured and quantitatively expressed using the reconstructed volumes obtained above.
First, the possibility of loss of D1 receptors was considered. To assess cell surface receptor density changes, the radius of non-permeabilized cells was measured at the widest section of the original two-dimensional slices.
Since Sf3 cells are round, an approximation of surface area could be calculated using the formula, surface area (SA) = 4nr2, where r is the radius. SA/$ then becomes a constant. Because the fluorescently labeled receptors were distributed as a narrow band localized on the cells' surfaces, the volume of voxels associated with the reconstructed ring of each cell could therefore represent the surface area of that cell. It follows that the ratio of receptor volume (SA) to r2 could be directly compared between basal and dopamine-treated cells to look for signifcant di&rences in surface receptor densities. Since only surface receptors could be detected in non-permeabilized cells, the use of a non-permeabilized preparation provided definitive means of quantification of this population of receptors. Sixteen basal and 16 dopamine-treated cells were analyzed; the results are shown in Table 1 . These values were compared to total receptor densities of cells. Total receptor density was determined after segmentation and reconstruction of all receptor clusters in permeabilized whole cells and was expressed as percent of cell volume. Total receptor density in basal and dopamine treated cells was compared to detect a net loss of receptors. Thus, permeabilized cells provided a means of quantification of total cell receptor density. Moreover, non-permeabilized cells were essential for obtaining cell surface receptor quantification, since the digital imaging technology associated with confocal microscopy does not possess the resolution required to separate intracellular and extracellular components ofthe plasma membrane. Mean, standard error, and Student's unpaired t-test were calculated for all the data.
Another possibility, receptor redistribution to adjacent surface areas, would create gaps and would result in an increase in receptor density per unit membrane surface area at labeled sites, observed as a brighter fluorescence signal. Representative cells from basal and dopamine-treated conditions were selected, and since the sensitivity of the confocal microscope was not altered during image acquisition and images were collected at intensity levels below saturation, comparative analysis between these two conditions could be made. A method termed shell analysis was carried out. The total intensity range of 0 to maximum was divided into shell thicknesses expressed as percents of maximal intensities and voxel-based surfaces computed for each value, since each shell reflected the density of bound fluorescent probe. For example, if the maximal intensity was 220 gray-scale levels, volumes were calculated for intensity ranges of 70,75, 80, 85, and 90% of the maximal intensity of FITC signal. In this case, shells reflecting only maximal intensities were created, as receptor migration to adjacent areas would be detected by an increase in fluorescence brightness and volumes of shells representing the maximal intensity ranges would be higher in dopamine-treated cells than in basal cells. The data were normalized for each cell to account for differences in cell size by expressing each value as a ratio of cell volume.
Results
Experiments in this study were performed with cells expressing ~6 pmol c-myc DI receptorhg of membrane protein as assessed by [3H]-SCH-23390 binding. Typically, cell viability was 90% (as assessed by trypan blue staining) in these cultures when they were used for receptor studies.
c-myc D I Receptor Distribution in Cell Fractions Assessed by Radioligand Binding
Subcellular fractionation experiments were conducted to determine directly, by radioligand binding, the number of dopamine receptors in the cell surface plasma membrane fractions and in the light intracellular vesicular membrane fractions. Receptor internalization was defined as a decrease in the number of receptors in the plasma cell surface and a proportional increase in the number of receptors in the light vesicular membrane after dopamine treatment. The light vesicular membrane fraction was believed to contain sequestered receptors (Hertel et al., 1983; Waldo et al., 1983) .
Pre-incubation with 20 pM dopamine led to a decrease in c-myc D1 receptors in the plasma membrane, which corresponded in time and magnitude to an increase in c-myc Di receptors in the light vesicular membrane fraction. Agonist-induced receptor sequestration was 26 * 4% (p < 0.05) after 1 hr (Figure 1 ). No change in the total number of cell receptors was observed, suggesting that the c-myc Di receptor undergoes dopamine-induced sequestration.
c-myc D I Receptor Distribution in Whole Cells Assessed by Confocal Microscopy
The antibodies to c-myc enabled us to examine via another independent measure the cellular distribution of c-myc Di receptors in whole cells by immunocytochemical staining. The specificity of MAb 9E10 for the c-myc Di receptor expressed in Sf9 cells has been previously confirmed (Ng et al., 1994) .
Fixed and immunofluorescently labeled Sf9 cells expressing c-myc Di receptors were imaged by confocal microscopy and the tabulation of results verified by several repetitions of the experiment (n = 3). Distributed averaging protocol (see Materials and Methods) was used routinely for all data collection, even though in our experience, DABCO, an antibleaching agent in the mounting medium, has proven to prevent significant photobleaching during data collection of an average of 12-14 optical sections at 1.5-pm increments and five averaged passes per cell, the parameters used in these experiments. Non-permeabilized basal cells expressing c-myc D1 receptors showed a bright continuous ring of fluorescence in every section, with only minimal variation in intensity, representing nearhomogeneous labeling of receptors evenly distributed around the entire cell surface (Figure 2A ). Within the ring, presumably occupied by the nucleus and cytoplasm, a total absence of intracellular fluorescence signal was noted, as expected, indicating lack of penetration of antibodies into non-permeabilized cells. Figure 2A shows six representative sections of a typical cell optically sectioned through the z-axis, progressing sequentially from left to right in two rows, from a series containing a total of 12 images. In contrast, non-permeabilized agonist-treated cells showed interruptions in the narrow band of fluorescence around the periphery of the cells, ranging anywhere from 1 to 20 pm in length. Figure 2B shows six confocal sections of a typical example of such a cell, displayed sequentially as in Figure 2A , and breaks are visible in every section. Permeabilized basal cells expressing c-myc D1 receptors showed, in addition to the surface ring, bright pockets of intracellular receptors ( Figure 3A) . These appeared in clusters, interspersed with areas without any staining. Each cell contained a large circular area in the center of the cytoplasm, seen in sections through the middle of the cell, without detectable fluorochrome emission, presumably occupied by the nucleus. Overall, basal cells demonstrated an internal fluorescently labeled receptor distribution near the periphery of the cell, close to the inner cell wall. Six representative sections are shown from a total of 13, progressing sequentially from left to right in two rows, and indicate receptor labeling on the surface in addition to a punctate intracellular staining pattern. In contrast, permeabilized Sf9 cells expressing c-myc D1 dopamine receptors exposed to dopamine, as seen in Figure 3B , showed considerable reduction in cell surface labeling. The ring, when present, was less intense. Intracellularly, receptor distribution occurred in clusters, as in basal cells. However, the bright pockets were localized deeper within the cytoplasm, closer to an unlabeled nucleus. Figure 3B shows six confocal slices, from a total of 14, of a cell exposed to dopamine for 60 min. Cells expressing untagged D1 receptors, cells infected by wild-type baculovirus, and uninfected Sf3 cells all showed negligible background staining without a structural pattern, indicating a lack of specific labeling (Figure 4 ) .
Three-dimensional Reconstruction of c-myc D I Receptors
Visual Assessment of Receptor Distribution. In addition to providing numerical analysis of the data, three-dimensional reconstructions also produced an invaluable visual description of the results. Multiple repeated reconstructions were carried out for confirmation of results. A non-permeabilized basal cell is shown in Figure 5A , created from the sections shown in Figure 2A . Segmentation of the brightest pixel values corresponded precisely to the bright ring along the periphery of each section, representing the location of label. Green was selected to represent fluorescently labeled receptors, and these covered the entire surface of the cell. This is expected, since a bright continuous fluorescent ring is seen in every confocal image. Slight irregularities and indentations of the outline reflected the contour of the cell surface, and two small holes at the top of this cell allowed a brief view of the cytoplasm, seen in white. The non-permeabilized, dopamine-treated cell shown in Figure 2B has been reconstructed to reveal a patchy pattern of label (Figure 5B) . Single cross-sections do not adequately describe the overall spatial pattern of the bare patches with respect to size, location, and frequency. The reconstructed cell showed fewer and larger areas of receptor loss rather than small diffuse series of holes as the single sections may indicate. The green color represents c-myc D i dopamine receptors, their distribution exposing the white soma. Figure 5C is a reconstructed image of the basal permeabilized cell whose confocal slices are shown in Figure 3A. The top of the cell has been cut away to reveal intracellular components such as the receptors (green), the nucleus (orange), and the soma (white). Segmentation of the brightest pixels in the two-dimensional images showed c-myc D1 receptors around the outside of the cell and, in addition, intracellularly close to the cell membrane. Few receptor clusters were located in the fullest area of the soma. In contrast, in Figure 5D . a reconstruction of the dopamine-treated cell shown in Figure 3B . had few c-myc D1 receptors (green) at the edge of the cell, most having translocated to a perinuclear location (orange nucleus). The posterior section of the cell surface is retained. Since the images can be interactively positioned in any arbitrary plane, other viewing angles could have been selected and any partial surface displayed. As only pixels of the highest intensity levels were segmented to obtain this image, the peripheral fluorescent ring seen in the two-dimensional slices is only partially visible in the three-dimensional reconstruction because pixel values at the outer surface of the cell were less intense, i.e., they had a lower density of labeled c-myc Di receptors than the internal volume. These results were consistent with findings of radioligand-binding studies suggesting an agonist-promoted redistribution of c-myc D1 receptors.
Quantitative Assessment of D I Receptor Distribution. Quantitative analysis of receptor distribution was employed to offer two possible explanations for the visual differences in receptor distribution between basal and dopamine-treated cells. The theories examined were receptor internalization and receptor clustering on the cell surface.
To reveal receptor internalization, 16 basal and 16 dopamine-treated, non-permeabilized cells were analyzed to detect a net loss of receptors by comparing the relative surface areas covered by receptors in the two groups. The total volume of receptors was calculated for each cell as an approximation of surface area and was expressed as a ratio V/r2, where V is receptor volume and r is radius (described in Materials and Methods). The results are shown in Table 1. Average value for basal cells was 4.40 f 0.30 (mean 2 SE) compared to 3.14 -c 0.25 for dopamine-treated cells, representing a 30% decrease, with a p value in Student's unpaired t-test of <0.003. This indicates a net loss of surface fluorescence in dopaminetreated cells, suggesting receptor internalization. To eliminate the possibility of receptor loss without internalization, all fluorescently labeled receptor clusters in permeabilized cells were reconstructed in the two groups and the values compared. In each cell, the total receptor mass was normalized to eliminate differences in cell size, by expressing it as a percent of each cell's volume. The data are shown in Table 1 . No significant differences were noted between the two groups, (6.15 +. 0.45 for basal and 6.79 +1 0.43 for dopamine-treated cells; p = 0.3112).
Next, a technique of shell analysis was carried out to quantitatively assess the possibility of receptor redistribution on the cell surface after agonist stimulation. Calculations were made for evidence of increased fluorescent pixel signal at maximal intensities in areas of possible tighter clustering of labeled receptors. Because the sensitivity of the confocal microscope remained unaltered during image acquisition of both groups of cells and images were collected at intensity levels below saturation lewls, repeatedly reliable quantitative measurements were possible. The technique, described in Materials and Methods. used data from the nonpermeabilized cells of Table 1 . Shells representing 70. 75, 80, 85, and 90% of the maximal pixel value of each cell were reconstructed and the volumes normalized for each cell to eliminate cell size variability. The mean value of the 16 cells at each intensity level and in each group was determined and the data plotted (Figure 6 ). Intensity lcvcls (the independent variable) are plotted on the x-axis and receptor densities at increasing intensities (the dependent variable) are plotted on the y-axis. The two sets of values have similar slopes, the dopamine-treated cells at a lower set of values suggcsting receptor loss while maintaining similar receptor density as a function of intensity levels.
Discussion
Little is known about D1 receptor biology after exposure to agonist. We have previously shown that sustained exposure of D1 receptors to dopamine led to the desensitization of D1 receptor-coupled adenylyl cyclase activity, which was accompanied by an agonistpromoted increase in the phosphorylation and palmitoylation of the DI receptor (Ng et al.. 1994) . However. it is likely that other mechanisms are responsible for regulating DI receptor-linked sig-naling. It has been postulated that receptorlG-proteinldtor cellular sorting into functional microdomains may maintain the spccificity of cellular signals (Neer and Clapham, 1988) . Alternatively, one might speculate that the regulation of cell surface receptor density may participate in the turning on and off of the signal. In this study, we employed for the first time quantitative confocal microscopy, which offers a new visual assay, corroborating traditional biochemical methods. for the study of D l receptor distribution.
Confocal microscopy of fluorescently labeled receptors in whole cells showed agonist-induced loss of surface D l receptors. This reduction was attributed to an agonist-promoted internalization of the receptors shown in permeabilized cells. The possibility of agonist-induced clustering of surface receptors without internalization after agonist exposure was unlikely. since clustering would have been accompanied by an increase in the maximal fluorescence signal per unit surface area in non-permeabilized. dopamine-treated cells. Indeed. the graph in Figure 6 shows a similar slope in both basal and dopamine-treated cell surface receptors, indicating that the fluorescence per unit membrane surface area remained unchanged. Confocal microscopic data analysis allowed direct comparisons. since sensitivity settings were not altered during data collection of all the cells in this graph. Three-dimensional quantitative fluorescence analysis indicated a 30% decrease in cell surface receptors in agonist-treated cells compared with controls. Loss of staining on the cell surface due to a conformational change in the reccptor. making it refractory to antibody binding. is possible but unlikely, since these immunocytochemical labeling data are in good agreement with a similar decreax (26%) determined by radioligand binding on subcellular fractions. In permeabilized cells. we found no changes in the total number of Dl receptors after 1 hr of dopamine exposure compared with controls, using quantitative fluorescence and radioligand binding. indicating no receptor downregulation, defined as a loss in total number of receptors, under these conditions. We postulate that agonist-regulated redistribution is occurring and involvcs existing cellular pools of receptors rather than biosynthesis of new receptors. These studies demonstrate a quantitative application of confocal microscopy. Imaging techniques performed by analyzing single cells allowed a thorough evaluation of the limits of the natural range of variability that was always present. In this study, despite large variations in cell sizes and maximal fluorescence intensities, labeling patterns were consistent. For example, receptor mass expressed as a percent of total cell volume was not correlated with either cell dimension or overall brightness of individual cells, and data collected from many cells provided a greater degree of accuracy. Confocal micros- Table 1 .
copy produced high-resolution images of the spatial distribution of dopamine receptors within cells that is not offered by conventional radioligand-binding experiments. Because the images are stored digitally, it was possible to extract additional information for further display and analysis. The visual detection of the presence of fluorescently labeled receptors in the two-dimensional confocal images, although informative, was limited without threedimensional reconstruction. For example, the pattern of the gaps in non-permeabilized, dopamine-treated cells and parameters such as size and possible preferential distribution were not obvious until the three-dimensional pictorial presentation of the data was obtained. Since entire cells and their contents were visible, image analysis in this study provided evidence of cellular organization and function of receptors. The three-dimensional graphic display of cells was also important, since the quality of the three-dimensional images, the smoothness of the exterior, and the appearance and subtlety of the likeness reflected the overall quality and accuracy of the volumetric model. Displaying the images established how well we had translated the original slice data into a three-dimensional numerical facsimile. This is important, because we attempted to provide a numerical representation of the visual data for a precise analysis of the results. Standard statistical methods were used and the data were displayed in both graphic and tabulated form. Furthermore, all results were corroborated remarkably well by radioligand binding.
Quantitative fluorescence microscopy has been used successfully in the area of ratio imaging to measure the properties of living cells (Dum et al., 1994) , including recycling of receptors, providing information not available from standard biochemical techniques. In the present study, confocal microscopy and three-dimensional reconstruction provided accurate morphometric and quantitative information about the amount of fluorescence labeling in fixed Sf9 cells expressing c-myc Di receptors, enabling us to analyze receptor distribution. This quantitative fluorescence method proved particularly well suited for Sf9 cells and their round shapes.
In this study, we examined the cellular localization of an immunoreactive and biologically active c-myc D1 receptor expressed in Sf9 cells, under basal conditions and after dopamine exposure.
Immunocytochemical staining experiments and radioligand binding provided independent measures of agonist regulation ofreceptor density on the cell surface (plasma membrane) and intracellularly in the light vesicular membrane compartments. The results of these experiments demonstrated for the first time agonist-induced D1 receptor internalization visually documented by confocal microscopy, quantified by three-dimensional reconstruction, and corroborated by radioligand binding.
